Excessive cardiac long-chain fatty acid (LCFA) metabolism/storage causes cardiomyopathy in animal models of type 2 diabetes. Medium-chain fatty acids (MCFAs) are absorbed and oxidized efficiently. Data in animal models of diabetes suggest MCFAs may benefit the heart. Objective: Our objective was to test the effects of an MCFA-rich diet vs an LCFA-rich diet on plasma lipids, cardiac steatosis, and function in patients with type 2 diabetes.
T ype 2 diabetes is a risk factor for the development of left ventricular (LV) dysfunction and failure even in the absence of coronary artery disease (1) . This "diabetic cardiomyopathy" is characterized by increased LV mass and dysfunction (1) . Metabolic abnormalities likely play a role in its pathogenesis. Increased fat delivery leads to increased myocardial lipid metabolism and accumulation (2) . Excess cardiomyocyte lipid causes cell death and cardiac dysfunction in animal models (3) (4) (5) (6) . In humans, excessive lipid deposition and cardiac dysfunction are also related (7, 8) .
Complex lipid species in particular are implicated in this "lipotoxicity." Sphingolipids are increased in plasma and skeletal muscle in type 2 diabetes (9 -11). Sphingomyelins (SMs) and ceramides (Cer) are associated with organ dysfunction in animal models of diabetes (3, (12) (13) (14) . These lipids can impact organ function through signaling cascades and biophysical effects on cell membranes. Long-chain acylcarnitines are also implicated in diabetes (11, 15) .
In contrast to long-chain fatty acids (LCFAs), mediumchain fatty acids (MCFAs, 6 -12 carbons long) are readily oxidized, not stored. MCFAs are not implicated in the pathogenesis of steatosis-related diseases. MCFAs improve insulin resistance, reverse steatosis and cardiac dysfunction in animal models (16) , and improve glucose disposal in humans (17) . Epidemiologic studies suggest diets rich in MCFAs may prevent type 2 diabetes and cardiovascular disease (18 -20) . Nonetheless, most MCFAs available in foods (eg, coconut oil) are saturated, and saturated fats in general have been linked with increased cardiovascular disease. Whether or not replacement of LCFAs with MCFAs in the diet is detrimental or beneficial for the diabetic human heart is not known.
This study tested the hypothesis that dietary treatment with MCFAs improves relatively load-independent tissue Doppler measures of systolic and diastolic cardiac function as well as cardiac output and stroke volume in humans with type 2 diabetes. To gain insights into possible mechanisms, we also determined if MCFAs have beneficial effects on the plasma lipidome, insulin levels, and tissue fat content. To this end, we performed a randomized, double-blind, controlled feeding study in subjects with diabetes, comparing a diet rich in MCFAs with one high in LCFAs.
Materials and Methods

Study design and subjects
This was a prospective, double-blind, randomized dietary intervention study. The size of this first-in-human pilot study was designed to be similar in size to other animal and human studies of MCFA effects (16, 17) . Written informed consent was obtained before participation, which was approved by the Human Research Protection Office at Washington University. Sixteen subjects with type 2 diabetes (37-65 years) completed the study. Subjects underwent a history, physical examination, blood tests, and rest/exercise echocardiography. None took exogenous insulin. Subjects with an ejection fraction lower than 45%, myocardial infarction/ischemia, atrial fibrillation, or who were pregnant, lactating, or smokers were excluded. In addition to study finishers, six dropped out and are not included in the analyses (Supplemental Figure 1) .
Experimental procedures and measurements
All subjects underwent body composition measurements before randomization. Other procedures were performed before and within 8 hours after completing the 2-week dietary intervention. All participants reported to the Clinical Research Unit and completed a 24-hour dietary recall and underwent phlebotomy for fasting blood chemistries, glucose, and insulin with each visit. Insulin resistance was calculated as Homeostatic Model Assessment-Insulin Resistance ϭ (fasting insulin ϫ fasting glucose)/22.5. Expert reviewers blinded to diet intervention measured all predetermined study endpoints.
Body composition assessment
Whole-body fat mass and fat-free mass were quantified using a Hologic Discovery (version 12.4) enhanced-array, dual-energy X-ray absorptiometer.
Dietary intervention
All subjects completed a 24-hour dietary recall. Subjects were randomized to receive a diet rich in MCFAs or LCFAs. Both contained 46% of calories as carbohydrate, 16% as protein, and 38% as fat, consistent with the macronutrient distribution of a typical Western diet (21) . Dieticians used ProNutra software made by Viocare to generate the meal plans for each diet's calorie level. In the MCFA-rich diet, 28% of total calories and 74% of total fat calories were from MCFAs. The diets' duration/composition was based on studies in humans showing that 2 weeks of an MCFA-based diet results in significant changes in cardiac lipid content and energy expenditure (22, 23) . MCFAs were provided using the commercially available MCFA triglyceride Delios S (Cognis Corporation) with 33-34% saturated fatty acids, 1-2% monounsaturated fatty acids, and 1-2% polyunsaturated fatty acids. Less than 2% of the fatty acids are C6, approximately 70% are C8, 30% are C10, and less than 1% are C12. In the LCFA diet, LCFAs were provided as a common vegetable oil with roughly 18 -21% of the calories from saturated fatty acids, 7-11% from monounsaturated fatty acids, and 3-8% from polyunsaturated fatty acids. All meals were prepared in the metabolic kitchen and provided to subjects every 2-3 days for consumption at home. The diets' energy content was individualized based upon each subject's estimated resting energy expenditure (per the Harris-Benedict equation) and an activity factor. Dieticians monitored dietary compliance and adjusted diets with a goal of weight maintenance, based on subject weights every 3 days. If subjects lost 2 kg or more, unit foods (100 kcal) with the same macronutrient distribution as the overall diet were added. Subjects were instructed to consume all food provided and discouraged from eating other foods. Subjects were encouraged to doi: 10.1210/jc. press.endocrine.org/journal/jcemmaintain their level of physical activity and not to change medications during the study. In the morning of each magnetic resonance spectroscopy (MRS) study, subjects were given a 300-calorie smoothie (containing LCFAs prediet and containing LCFAs or MCFAs at the end of the diet treatment according to their randomization) at 7:00 AM and were instructed to finish it by 7:30 AM (immediately before their MRS studies) to minimize increases myocardial lipid deposition resulting from prolonged fasting (22, 24) .
Indirect calorimetry
Oxygen consumption and carbon dioxide production were measured for 15 minutes by indirect calorimetry (TrueOne 2400, Parvo Medics) in a supine position in the morning after an overnight fast and 30-minute rest period. Resting energy expenditure and carbohydrate and total lipid oxidation rates were determined as previously described (25, 26) .
Echocardiography
We quantified LV structure and function using two-dimensional, Doppler, and tissue Doppler imaging (TDI). TDI-derived peak myocardial velocity was obtained by positioning a sample volume on the mitral annulus for measurement of systolic and diastolic myocardial velocities on the lateral and septal mitral valve annulus sites to obtain systolic (SЈ) and early diastolic myocardial velocity (EЈ). Three cardiac cycles were obtained at each site and the values averaged; SЈ and EЈ are reported as the average of the two sites. Stroke volume was determined from the LV outflow tract time-velocity integral ϫ LV outflow tract area. An echocardiography expert (A.W.) blinded to the intervention and pre/post status of the subjects made all of the echocardiographic measurements.
H-MRS
Myocardial
1 H-MRS spectra were acquired at end-systole and end-respiration. A point-resolved spectroscopy sequence was used for region of interest (2.4 ml) localization on the interventricular septum. Data points (n ϭ 512) were acquired with 2-kHz spectral width and 120 signal averages, echo time (TE) ϭ 24 milliseconds and repetition time equal to the length of respiratory cycle. Spectra were analyzed using Advanced Magnetic Resonance fitting algorithm within the jMRUI software package. Hepatic triglyceride (TG) measurements were made using 10 averages for each TE using a 2-second relaxation delay and breath-holds. A 15-mL voxel was placed in the right lobe away from visible vasculature and for subsequent measurements as close to the initial voxel as possible. Data were acquired at TEs of 24, 30, 35, 40 , and 50 ms. Spectra were analyzed using the Advanced Magnetic Resonance fitting algorithm and jMRUI. TG contents are reported as the ratio of TG to water extrapolated to TE ϭ 0.
Lipidomic analysis
Lipids in plasma samples were analyzed by liquid chromatography-tandem mass spectroscopy as previously described (27) . The analytes measured included the following lipid classes: acylcarnitines, SMs, and Cer. Heat maps for representation of the lipidomic data were generated as described (27) . An expert in liquid chromatography-tandem mass spectroscopy made all of the measurements blinded to subject treatment.
Statistical analyses
Subject characteristics at baseline are presented as mean Ϯ SE and compared by Student's t test or 2 tests as appropriate. Within group changes (ie, delta score) and between group differences in the heart function and lipidomic measures were analyzed by mixed model repeated measures ANOVA that included weight as a time-varying adjustment factor when appropriate. (Weight was not included when evaluating variables normalized to weight). Independent variables included time (pre vs post), group, and the interaction between the two. Model results were used to estimate mean values and change over time for within-group and between-group comparisons. Significance was identified at the P Ͻ .05 level. In the lipidomic analyses, a false discovery rate (FDR) of .05 was set and FDR-corrected P values are reported. The linear relationships between the change in heart function (SЈ) and the change in lipidomic species in the MCFA group were examined by Pearson's correlation coefficient. Analyses were conducted in SAS v9.3 (SAS Institute Inc).
Results
Baseline characteristics. There were no differences between the groups' baseline diets (Supplemental Table 1 ). Both consumed a typical "Western" diet (21) . Prestudy diets were similar in total % fat to that given in the LCFA and the MCFA diet interventions. There were no significant differences in medications taken by the subjects in the two groups (Supplemental Table 2 ). No subject changed medication dose or type during the study. There were no significant differences in age, race, weight, waist/hip ratio, glucose control, heart or liver lipid deposition, or lipid or carbohydrate oxidation between the groups (Table 1 ). All who underwent 1 H-MRS had evidence of hepatic steatosis (Ͼ5.56%) (24) . While total and low-density lipoprotein level were higher in the MCFA group at baseline (P Ͻ .04), there were no significant differences in high-density lipoprotein or TG levels. Baseline cardiac function was similar between the groups. There were no differences in baseline hemodynamics, relative wall thickness, ejection fraction, cardiac output between groups (Figure 1 ), or the TDI-derived measure of systolic function (mitral annular movement), SЈ ( Figure 2 ). TDI-derived diastolic function, as measured by EЈ, was abnormally low in both groups at baseline but was not different between the groups (Table 2) . Although not statistically significant, there were slightly more women in the MCFA group (Table 1) . This may have contributed to the observed lower baseline stroke volume ( Figure 1 ) and LV mass (Table 2) in the in the MCFA group (P Ͻ .05); LV mass index was not statistically different (P ϭ .08). (Table 1) . In general, subjects tolerated the diets well. One subject in the MCFA group had transient gastrointestinal upset with one of the foods, which subsided after food substitution. Study dieticians weighed all returned uneaten food. Subjects in the MCFA group ate 96.5%; the LCFA group ate 95.8% of provided food, indicating no difference in overall excellent dietary compliance. There were no reported changes in physical activity.
Effects of dietary interventions on whole-body metabolic measures
Despite estimating daily calories for weight maintenance, close caloric monitoring, and preplanned addition/ subtraction of 100 cal "unit foods" to maintain weight, both groups lost weight. Accordingly, we controlled for weight change in our analyses. Aspartate transferase decreased in both groups. Fasting plasma glucose decreased in response to the LCFA diet, but was not significantly lower in the MCFA group. In contrast, fasting insulin tended to decrease (P Ͻ .06) in response to the MCFA diet, but not to the LCFA diet. All other measures of glucose and lipid homeostasis and metabolism did not change in response to either diet.
Effects of dietary interventions on cardiac function.
There were no significant changes in hemodynamics or cardiac chamber size in response to either diet (Table 2) . Stroke volume and cardiac output, overall measures of cardiac performance, decreased in response to LCFA; however, these parameters did not significantly change in response to MCFA (Figure 1, A and B) . LV ejection fraction also did not significantly change in either group. The more loadindependent myocardial wall velocity during systole (SЈ) increased significantly (P ϭ .02) in response to MCFA and was significantly greater (P ϭ .04) postintervention compared to the postintervention SЈ in the LCFA group (Figures 2 and 3 ). There were no changes in diastolic function measures with either diet (Table 2) .
Effects of dietary interventions on cardiac and hepatic lipid content. Despite excellent compliance with the diets, modest weight loss in both groups, and improvement in cardiac function in the MCFA group, neither cardiac nor hepatic lipid content changed in either diet group (Table 1) . 
Effects of dietary interventions on the plasma lipidome.
There were no differences between the two groups in preintervention plasma levels of any acylcarnitine or ceramide species, although the MCFA group had higher levels of several SMs in pretreatment (Supplemental Table 3 ). All of the lipid species in Figure 4 and Supplemental Table  3 significantly decreased after the MCFA diet even after applying a FDR correction and including body weight as a time-varying adjustment factor. In contrast, no lipid species was different after the LCFA diet. There were no interactions between treatment group assignment and time Although the MCFA diet was rich in C8 and C10, there were no significant differences in the AC8:0 and AC10:0 species in the plasma. There were no correlations between the changes in lipid species of interest ( Figure 4 , Supplemental Table 3 ) and changes in stroke volume or SЈ.
Discussion
In this double-blind, randomized study, we found marked changes in the plasma lipidome and improvements in the relatively load-independent measure of cardiac contractility, TDI-derived SЈ, in patients with type 2 diabetes who consumed an MCFA-enriched diet compared to those who consumed a standard Western diet high in LCFAs. This improvement was independent of changes in hemodynamics, cardiac structure, or spectroscopy-detectable myocardial lipid deposition. Cardiac output and stroke volume, more load-dependent measures of function, worsened after a diet high in LCFAs but were unchanged on the MCFA-enriched diet. Even though the MCFA-enriched diet was higher in saturated fats than the LCFA-enriched diet, there were no significant changes in total cholesterol, high-or low-density lipoproteins, or TGs following either diet. The plasma lipidome, however, demonstrated marked changes after the MCFA diet intervention. Specifically, several sphingolipids, acylcarnitines, and a ceramide-all species implicated in the development of cardiomyopathy-decreased after a diet high in MCFAs. There were no changes in the plasma lipidome in patients on the high LCFA diet, likely reflecting the similarity of fat composition between the LCFA-enriched diet and the subjects' prestudy diet. The major finding of this study was that cardiac SЈ improved in patients with diabetes treated with a diet rich in MCFAs after only 14 days. SЈ is a sensitive marker of cardiac function, with a higher SЈ velocity indicating increased contractility (28) . The more load-dependent indices, stroke volume and cardiac output, were not different after the MCFA diet, but decreased after the LCFA. Our study's small sample size may have contributed to the MCFA group's lack of a difference in these measures. It is possible that the changes in load-dependent measures are due to changes in preload because afterload, as estimated by the blood pressure and wall thickness, was unchanged. Subjects in both groups lost weight, which is often accompanied by decreased plasma volume. The sum of our data suggests a salutary effect of MCFAs on function and a neutral to possibly negative effect of LCFAs. We did not observe a change in diastolic function after the MCFA diet, and it may be that a larger sample size is needed. Our findings extend those of studies in rodent models of lipotoxic cardiomyopathy (3, 4, 16) . In one model with cardiac-restricted overexpression of peroxisome proliferator-alpha, lipid deposition in the myocardium accompanied cardiac dysfunction-especially following consumption of a diet high in LCFAs. In these same peroxisome proliferator-␣-overexpressing mice, a diet press.endocrine.org/journal/jcemrich in MCFAs rescued cardiac dysfunction and steatosis (16) . However, we did not find that a MCFA-rich diet improved cardiac function by decreasing myocardial steatosis. Although our subjects did have evidence of myocardial steatosis (normal values are approximately 0.46 Ϯ 0.3%), myocardial fat content even in patients with diabetes is relatively low (eg, compared to the liver). This may have contributed to our inability to detect a difference after a major diet change (and some weight loss). However, we also did not find a significant change in the very high hepatic TG levels (approximately 20%) with the MCFA-rich diet. In a study of marked diet-induced weight loss in human subjects with type 2 diabetes, improvement in diastolic function and cardiac steatosis were observed but were not correlated (29) . Some studies in cultured cells and transgenic mouse models of metabolic cardiomyopathy have instead suggested that, although TG accumulation in lipid droplets in nonadipose tissues is the hallmark of overnutrition, the TG itself may not be detrimental (30) . Our findings are consistent with the notion that fat storage in heart may be a marker, rather than a direct cause, of lipotoxicity.
Plasma lipids that were decreased in the MCFA-rich diet, including ceramides, SMs, and acylcarnitines, are species that have been implicated previously in lipotoxicity and the development of diabetic cardiomyopathy. Cardiac ceramides are elevated in models of diabetic cardiomyopathy and inhibition of de novo ceramide synthesis ameliorates cardiac function (3, 31) . Ceramides can contribute to cell dysfunction through promotion of apoptosis, altered cellular signaling, inflammation, and oxidative stress, all of which could negatively affect organ function (3, (32) (33) (34) (35) . SMs, which can be hydrolyzed to produce ceramides, were significantly decreased in the plasma after the MCFA diet intervention but not after the LCFA intervention. The significance of higher baseline values for some SM in the MCFA group at baseline is unclear. Although subjects were randomized and generally wellmatched across groups, differences in sex distribution may have contributed to the differences in baseline SMs. Acylcarnitines have also been implicated in lipotoxicity and are thought to be markers of incomplete mitochondrial oxidation (11). Although we observed decreases in each of these lipid species following the MCFA-enriched diet, our study was not designed to determine whether these changes are related to decreased production or increased catabolism/elimination. Our study was also not designed to correlate these lipidomic changes in the plasma with those in cardiac tissue.
Although the MCFA diet had a higher percentage of saturated fatty acids, it did not result in a significantly worse cholesterol profile. This is consistent with epidemiologic studies of Tokelau islanders, who consume a diet extremely high in saturated MCFAs (40 -50% of calories are from saturated fats) but have cholesterol panels similar to New Zealanders who consume far less saturated fat (36) . In our study, the MCFA diet group's fasting insulin levels trended lower after the intervention, a finding reminiscent of a 5-day MCFA diet intervention study that increased insulin sensitivity in patients with type 2 diabetes (17) . The decreases we observed in several SM species correlated with the improvement in insulin levels, suggesting that SMs may contribute to the pathogenesis of and may have potential to serve as biomarkers in diabetes.
The current pilot study has limitations; it is relatively small, which may have contributed to our not finding a difference in some variables, such as cardiac lipid deposition. Future larger studies are needed to confirm the effects of MCFA vs LCFA diets on cardiac function. Larger, longer-term studies would also be helpful to definitively rule out an effect of MCFA diet on cardiac lipid deposits, the For each lipid species, we calculated the mean and SD of the % change for all MCFA and LCFA subjects. To generate the Z-score transformations, [(%change-mean % change)/SD] was calculated for each analyte for each subject. Data are shown for each subject in the MCFA and LCFA intervention group and the average value for each group, with green and red shades representing decreases or increases, respectively, for each lipid. Among the LCFA diet group, there were no significant changes in these or other lipid species.
cholesterol profile, and diastolic function. In addition, although the dietary intervention was as long or longer than many studies of MCFA effects in humans (23, 37, 38) , whether our findings extend to even longer dietary interventions with MCFAs requires future study. Our study was also not designed to evaluate the effects of sex hormones on the effects of the diet and/or lipidome.
Our study suggests that that not all saturated fatty acids are equally detrimental to the heart. In this tightly controlled dietary study in subjects with type 2 diabetes, we demonstrated that MCFAs have possible cardiac benefits relative to LCFAs despite the former having a higher saturated fat content. Neither diet was associated with a change in cardiac steatosis. However, this does not rule out a "lipotoxic" effect of LCFAs that is independent of cardiac steatosis. Finally, plasma lipids previously implicated in lipotoxicity were lowered to a greater extent in MCFA-treated subjects. More studies are needed to determine if plasma SM, ceramide, and acylcarnitine species will have utility as biomarkers to assess lipotoxic pathways, diabetes treatments, and/or to identify individuals at risk for diabetic cardiomyopathy.
